Emerging countries frequently afflicted by waterborne diseases require safe and cost-efficient production of drinking water, a task that is becoming more challenging as many rivers carry a high degree of pollution. A study was conducted on the banks of the Yamuna River, Delhi, India, to ascertain if riverbank filtration (RBF) can significantly improve the quality of the highly polluted surface water in terms of virus removal (coliphages, enteric viruses). Human adenoviruses and noroviruses, both present in the Yamuna River in the range of 10 5 genomes/100 mL, were undetectable after 50 m infiltration and approximately 119 days of underground passage. Indigenous somatic coliphages, used as surrogates of human pathogenic viruses, underwent approximately 5 log 10 removal after only 3.8 m of RBF. The initial removal after 1 m was 3.3 log 10 , and the removal between 1 and 2.4 m and between 2.4 and 3.8 m was 0.7 log 10 each. RBF is therefore an excellent candidate to improve the water situation in emerging countries with respect to virus removal.
INTRODUCTION
Episodes of waterborne diseases are frequent and recurrent in emerging countries with poor sanitary conditions that affect drinking water. Waterborne epidemics might affect thousands of persons, like the hepatitis E epidemics of Kanpur, India (Naik et al. ) and Delhi, India (Dennis ; Ramalingaswami & Purcell ), with 79,000 and 25,000 ill persons, respectively. Both epidemics occurred after drinking water treatment had suffered a failure or proved insufficient, allowing contaminated drinking water to reach the consumers. To improve the consequences of water shortage and poor sanitary conditions, systems for obtaining drinking water are needed which are effective, reliable and cost-efficient.
In the course of riverbank filtration (RBF), surface water undergoes a passage through the confining banks of a river (or lake) and is obtained again in wells located at a certain distance from the riverbank (Eckert & Irmscher ) .
During the underground passage, the quality of the infiltrated river water (bank filtrate) improves thanks, among others things, to filtration, sorption of pollutants to soil particles, and physical and microbial degradation of the pollutants and pathogens present in the water. RBF has been successfully practised in Europe for more than 100 years (Richert ; Hiemstra et al. ; Eckert & Irmscher technology in many densely populated areas, such as the city of Berlin, which gets at least 70% of its drinking water through RBF and artificial recharge of groundwater with surface water (Massmann et al. ) .
The Yamuna River, originating in the Himalayas, and flowing towards its confluence with the Ganges, enters the metropolitan area of Delhi through the northern part of the city (Figure 1 ). In the northern part of Delhi, a well field 
MATERIALS AND METHODS

Study area description
The study area, located on the eastern banks of the Yamuna River in central Delhi, is depicted in Figure 1 . The left side of the figure shows the location of the field site within the city, marked 'B'. The right side of the figure outlines with two sketches, drawn to different scales, the field site and the position of the four observation wells (see below) with respect to the river.
Construction of observation wells. Sampling procedure and chemical analysis
Groundwater observation wells at the field site were constructed with short filter screens at specific depths. One observation well (OW5) at 50 m distance from the river was drilled to 10 m depth. Another three observation wells (OW1, OW2, OW3) were constructed at 1, 2.4 and 3.8 m distance from the river shore and fitted with poly(vinyl chloride) (PVC) filter screens with an effective mesh of ca.
1 mm at depths of 2, 1.5 and 1.5 m, respectively. The observation wells OW1, OW2, OW3 and OW5 were in line and perpendicular to the Yamuna River, forming a transect. 
Analysis of enteric pathogenic viruses
The concentrations of four human-pathogenic viruses were analysed in surface water and groundwater samples 
River water
Water of the Yamuna, containing high concentrations of viruses, was processed without being concentrated. The water samples were transferred into steam-sterilized (100 W C, 2 hours) plastic bottles, which were placed into a dark box containing cooling elements and transported to the laboratory in Delhi, where they were stored at À80 W C, and then transported by air to the microbiological laboratories of the University of Barcelona and the Federal Environmental Agency in Berlin.
Concentration of viruses from 10 L samples
The water from OW5 was concentrated in order to render the overall detection procedure more sensitive. All groundwater samples were taken with a previously disinfected pump. One day before sampling, the pump, the hose and the electric wires were submerged into a solution of 1% sodium hypochlorite. In order to neutralize this disinfection solution, the whole pumping equipment was then put into a solution of 1% sodium thiosulphate for 2 hours. At both 
Extraction of nucleic acids of enteric viruses from the water concentrates
Nucleic acids, both DNA and RNA, were extracted from 5 mL volumes of sample concentrate using the NucliSens ® miniMAGTM system (Biomérieux, France) according to manufacturer's instructions, with slight modifications comprising centrifugation at 1,500 × g for 2 min after addition of the silica suspension to reduce cross-contamination. The final 100 μL nucleic acid extract was centrifuged at 13,000 × g for 1 min to pelletize any remaining traces of silica which could inhibit downstream RT-PCR reactions.
The supernatant was then transferred to a clean microfuge tube and was stored at À80 W C if not used immediately. For the detection and quantitation of specific viral genomes, 10 μL (for HAdV) and 5 μL (for HEV and NoV GGII) of neat and 10-fold dilutions of every DNA/RNA extraction were tested. These dilutions were designed to detect and reduce amplification inhibition caused by the potential presence of inhibitory substances that may interfere with the qPCR. All samples were run in quadruplicate (two replicates per dilution), and positive and negative controls were included. Known quantities of target DNA were added to a parallel amplification reactions containing qPCR mix and the plasmid. In every assay, the amplification plots of samples and standard dilutions were compared. A sample was considered positive if it produced correct amplification curves and the quantification data were within the detection limit. The amount of DNA was defined as the average of the duplicate data obtained. The Federal Environmental Agency and the University of Barcelona used the same detection systems as described above.
Semi-nested RT-PCR for the detection of HEV
Analysis of coliphages
Somatic coliphages are viruses which attack E. coli.
Harmless to man, but otherwise of similar size and physical properties as human pathogenic viruses, they are used as surrogates for human enteric viruses. Water was transferred in steam-sterilized plastic bottles to the laboratory in Delhi, as described above. Detection analysis was always carried out on the same day. In order to prevent crosscontamination f surface water to groundwater samples, both sample types were stored separately. Sampling of coliphages was carried out on the river water and in the OW1, OW2, OW3 and OW5 observation wells, and detection was conducted according to a modified United States Environmental Protection Agency (USEPA) method (USEPA Method  ()). Briefly, an appropriate volume of water to be analysed was made up to 100 mL with sterilized water, or in the case of the observation wells, a sample volume of 500 mL was taken. To these samples were added log-phase host bacteria, and 100 or 500 mL of double-strength molten tryptic soy agar, depending on the original sample volume, so as to make up a final volume double the sample volume. The sample was mixed thoroughly and the total volume was poured into Petri dishes. After overnight incubation, circular lysis zones (plaques) were counted and added for all plates from a single sample. The quantity of coliphage in a sample was expressed as plaque forming units (PFU)/100 mL. As a modification of the USEPA Method 1602, we used sample volumes larger than 100 mL, as indicator bacteria we used the strain E. coli WG5, and the Petri dishes for plating the nutrient agar, containing the indicator bacteria and the phages, were scaled-up to 22 cm diameter. These large dishes were chosen in order to test the larger sample volumes of 500 mL, avoiding previous concentration steps of the sampled water, which would have introduced an additional factor of uncertainty into the measurements. With this procedure 500 mL samples, mixed with 500 mL double concentrated nutrient agar, were directly distributed into the Petri dishes, allowing a detection limit of 0.2 PFU/ 100 mL.
Breakthrough of coliphages and viral pathogens from the river Yamuna to the well OW5
Monthly measurements of concentrations of somatic coliphages were carried out over a period of 8 months (nine observations), in both the river water and the bank filtrate Study of the kinetics of phage removal between the river and wells OW1, OW2, OW3
In a separate series, phages were measured in the river and in the three wells OW1, OW2, and OW3, which are situated close to the riverbank. Monthly samples were taken from the river and from the wells in order to investigate the spatial kinetics of the phage removal along the filtration path.
RESULTS AND DISCUSSION
The experiments carried out sought mainly to answer two questions:
• whereas none of the samples taken from the observation well (OW5) contained coliphages above the detection limit of 0.2 PFU/100 mL. The removal of somatic coliphages may be calculated to be more than 6 log 10 units if the volumes of all nine observations in OW5 are compounded (4,500 mL), and considering that no phage was detected in this volume. As was pointed out above, the samples extracted from all sampling wells consisted entirely of river infiltrate, without dilution with genuine groundwater.
The concentrations of HAdV and NoV found in the river water were of the same order of magnitude as somatic coliphages. The Yamuna water was positive for all four pathogenic viruses assayed, that is HAdV, NoV, HAV and HEV, whereas no viruses could be detected in the bank filtrate of OW5 (Table 2 ). Based on these results, the removal of enteric adenoviruses and noroviruses, expressed as [Àlog 10-(C/Co)], was estimated to be in the order of 10 5 log 10 units.
Quantitative estimation of removal of the native phages with increasing distance from shore
To obtain a quantitative estimate of the removal of native viruses during underground passage, concentrations of somatic phages were determined in the river water and in three in-line observation wells located close to the river (Table 3) . That the results were obtained with native, and not with laboratory grown, phages underlines the robustness of the results, as Pang () pointed out, laboratory cultured microorganisms tend to be removed more effectively than native ones.
As Table 3 shows, the removal rate in the first metre is higher than subsequently. This frequently observed slowing down of the removal rate with increasing infiltration dis- Obviously, the phages more prone to be adsorbed will remain in the upper layers of the soil, whereas the others will penetrate further down and be removed at slower rates.
The capacity of the soil to bind viruses has been reported to be in the order of more than 10 7 PFU/g soil for polioviruses (Yeager & O'Brien a, b, c) . In these studies it was additionally reported that polioviruses became inactivated by 90% in water-saturated soil during a period of up to 7 days. In the two series of coliphage measurements in the Yamuna reported here, their highest concentration was 1.89 × 10 5 /100 mL, and the highest concentration for NoV 5.4 × 10 4 genome copies/ 100 mL. Therefore, provided that the infiltration distance is sufficient and the velocity of the water is low enough to allow adsorption to take place, there is little concern that the virus-binding capacity of the soil could be exceeded even when exposed to highly polluted waters.
One could point out that, as the association of the viruses to the soil particles is reversible (Schijven & Hassanizadeh ; Schijven & Šimunek ), viruses initially associated with the soil might dissociate later from the soil particles and appear in the end-filtrate. But our study suggests that this is very improbable. Since the faecal pollution of the Yamuna upstream of our field site has persisted already for years, or tens of years (CPCB ; CSE ), we assume that the input of viruses from the river into the soil, and their output at the location of our observation wells, reached a steady state a long time ago, and that the estimation of removal of viruses at these sites is a constant and realistic one. In considering the adequacy of RBF for obtaining drinking water from very contaminated sources, it must not be forgotten that conventional precipitation-coagulation-fast-filtration, a technique which is very frequently used as a first step in processing river water to drinking water, seldom reaches virus removals higher than 2 log 10 units (Berg ) . Thanks to the high virus removal, RBF, as an alternative technique, would make a first chlorination step unnecessary and preclude the formation of organochlorides arising after chlorination of water carrying a high organic load. Besides, RBF will be significantly cheaper to implement than other technical procedures, a very important consideration in emerging countries, which frequently lack the resources for buying, running, and maintaining fast-filtration-coagulation facilities.
CONCLUSIONS
• The capacity of RBF for eliminating viruses from a highly contaminated stream, like the investigated Yamuna River in central Delhi, is very efficient, as less than 4 m filtration distance proved sufficient for reducing indigenous somatic phages by a factor of more than 10 4 , and 50 m by a factor of more than 10 6 . These removal degrees are of the same range as found under conditions of cleaner, controlled surface waters. Our results show that a severe organic and faecal load with associated anoxicity, like that seen in our experimental site, is no obstacle for a high performance of RBF.
• The validity of the levels of removal observed in this work is the more reassuring, as the infiltration studies were carried out with indigenous phages, circumventing possible biases inherent to the use of artificially spiked test organisms.
